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The Platteville Radar Profiler as a Neteorological

and Comunications Engineering Tool

by

Gregory 0. Nastrom, Capt, USAFR

1. Introduction

The term wind "profilerm has gained wide usage in the Prototype Regional Observing and
Forecasting Service (PROFS) community to refer to the Very High Frequency (VHF) pulsed Doppler
radar located near Platteville, CO. This radar was constructed in 1978 (1) and is a ST. or
MST, radar (for esosphere-Stratosphere-Troposphere). The many potential users of ST radars
for studies of atmospheric structure and-dynamics are discussed in recent rLview articles. The
purpose of this technical note is to present examples of results from the Platteville radar
data which apply to two important military probleam areas: meteorology and comnications.

As the name "profiler" implies, the intended purpose of this radar within PROFS has been to
monitor the wind profiles. Wile useful studies have been made using the radar data alone (2,
3), the most fruitful results from these high time resolution wind profiles will come when they
are combined with other meso- and micro-scale meteorological programs such as PROFS.

A less widely appreciated use of the radar data is to study a parameter elated to tie
scattering of radio waves, the refractivity2 turbulence structure constant, C . This technical
note outlines the rationale for obtaining C from the radar data and present climpological
results obtained using data from April and larly May, 1981. Vertical profiles of C from 3-16
I are given, and its variability with changing wind speed and time of day is studild. Finally.
C is related to the metefrological variable r, the eddy dissipation rate, which implies that
the variations found in Cn may have meteorological consequences.

2. Meteorological Applications

The ST radar at Platteville is a phased dipole array, using three antennas to measure the
three components of the wind (1, 4). Two of the antennas are superposed, pointing 15 degrees
off vertical toward the north and toward the east, and the antenna which is used to measure
vertical winds is directed toward the zenith. Normal operating parameters are listed in Table
1.

Table 1. Platteville Radar Parameters

A Antenna area le0 M2

Antenna efficiency 0.3

F radar frequency 49.9 MHz

S wavelength 6.01 m

pw pulse width 16 usP

T interpulse period 2400 us

Pt peak pulse power 360 w

Nc  number of spectra 32

coherently averaged

AT range spacing 1500 m

X zenith angle east antenna 15
zenith angle north antenna 169
zenith angle vertital antenna 0

" . --



The atmospheric echoes observed by the ST radar arise from the scattering of radar waves by
irregularities in the radio refractive index with scale sizes comparable to one-half the rodar
wavelengths (5). It is usually assumed that these irregularities (three-meter scale for the
Platteville radar) are due to homogeneous, isotropic turbulence. Another assumpton often used
is that the three-meter scale size lies within the inertial subrange (6). Because the irreg-
ularities are advected with the background wind, the measured radial wind speed is directly
related to the Doppler shift of the backscattered signal. If the vertical winds are assumed to
be negligible, then the radial winds can be converted to horizontal winds. A typical exmple
of a Doppler spectrum is given in Figure 1.

U

.

nim

0 AFmO0x Doppis Shift

80 0 -60 Wind Spee (ms4 )

Figure 1. Sample Doppler spectrum from Platteville ST radar, east
receiver at 9.5 IS for 1548 PST, Nay 7, 1981.

In Figure 1, the peak backscattered power occurs at a frequency lower than the frequency
transmitted (i.e., the peak has a negative Doppler shift). Since this antenna is pointed
toward the east, we interpret this result to mean that the wind is moving towrd the east, and
that the wind speed is given by the magnitude of the Doppler shift. Sall irregularities, or
noise, are apparent to the left and right of the peak. While the date in Figure 1 are referred
to as a single observation, they represent a time-average result obtained over several minutes.
First, the sampled frequencies from 32 separate pulses are combined to give a single spectrum.
This process is called coherent averaging. Next, 16 of these separate spectra are averaged to
give an "archive observation", such as that in Figure 1. The purpose of all this averaging Is
to enhance the singal-to-noise ratio. The number of spectra averaged for each observation is
determined by the time resolution desired between observations. For all data used in this note
the basic time resolution is two and one-half minutes.

As with all radrs,the time delay between transmission and reception determines the range
(which can be converted to altitude) from which the echoes are received. Thus, by spling at
a series of time delays, winds at all heights can be msured, in Principle. In Practice, the
backscattered signal decreases with increasing range so that at very large ranges it Is net
possible to distinguish the signal from the noise.

Samples of the horizontal winds measured at Platteville are given in Figure 2 for a very
interesting period in February, 1981. These date are unedited, so occasional spurious echoes,
which illustrate airplane reflections or other interference, are seen but should be disregrie.
The growth of a southwesterly Jet stream and subsequnt passege of a trough axis near U0Se
February 21st are the most ovbous features present. However, these features could have
detad with routine 12-hourly radiosoende data. Features uniquely evident from the high tu
resolution possible with an ST radar Include the relative suddenness of the trwo passage, the~-2-
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wavelike changes in the wind near 7 km at 1800 MST on February 20th and the rapid changes of
speed and direction near 6 km at 0200 MST, on February 20th. This illustrates that a great
deal of the wind's variability is missed if one has only occasional balloon flights.
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Figure 2. Horizontal wind vectors at Plattarille. Basic tim resolution
is two and one half minutes.

"3.



The potential application of ST radar wind data for updating meteorological forecasts, for
identifying areas of intense wind shears, as Input in ballistics computations, or even as basic
data for developing climatological statistics of wind variability are exciting. But the
potential of these data goes beyond the practical applications just mentioned, and they should
help in now ways to improve our physical and theoretical understanding of the atmsphere. For
example, the wave motions noted on February 20th may be internal gravity waves. The study of
these waves, which may sometimes effect a rapid flux of momentum over large distances, is a
topic currently of great interest among meteorologists. Also, by comparing the observed
radar winds with those expected from the geostrophic relation one could follow the development
of the so-called ageostrophic wind. By relating this wind with, say, the morphology of gravity
wave activity, we may reach a better understanding of the atmospheric adjustment processes and,
implicity, be able to make better forecast models.

Figure 3 shows several weeks of uninterrupted vertical wind observations spanning several
alternating periods of large and small vertical wind variability. The episodes of large activity
always correspond with jet stream/frontal passages (7). The wavelike character of the vertical
winds is obvious in may cases, again reminiscent of gravity waves. Direct, routine observation
of the vertical winds is a new and challenging capability. Most sensible weather, e.g., clouds
and precipitation, is very closely related to the vertical motions of the atmosphere but has
historically been studied in term of the more easily measured horizontal air motions and
temperature changes. With the advent of routine observation of the vertical wind it will be
possible to finally verify the indirect theoretical methods now used to infer vertical motions.
Further, together with horizontal wind and temperature observations, these data will permit
direct calculation of vertical heat and momentum fluxes - key variables In the development of
storms.

Comparison of Figures 2 and 3 shows that the vertical antenna is able to detect winds to
higher altitudes than the oblique antenna systems. This is due to the added backscattered
power from partial reflections (8, 9) for the vertical antenna system. The partial reflections,
or specular reflections, are believed to result from the presence of horizontally stratified
layers of refractivity structure in the atmosphere. The probability of such layers is greater
in the stratosphere than in the troposphere, so the altitude where the backscattered power for
the vertical antenna system increases suddenly corresponds with the tropopause, providing a new
method of tropopause detection (3).

3. Applications to Communications Systems

Returning to Figure 1, the area under the peak of the returned signal (i.e., above the
average noise level, S (noise), and below the signal curve) is proportional to the backscattered
power. Because the backscattered power is related to the intensity of the turbulence in the
volume illuminated by2the radar beam, thpse data yield estimates of the refractivity turbulence
structure constant, C . The parameter C is often used in discussions of the turbulent scattering
of radio waves and hag direct applicatioRs in radio communications such as troposcatter and
line-of-sight microwpve systems (10). For optical propagation the appropriate parameter is 2
which differs from C primarily in that 9it represents fluctuations in the ambient temperaturTand does not depend On humidity while C' does (11). Above2about he mid-troposphere, hoever,
humidity effects fre very small, so that measurements of C, and C; can be directly related. The
theory relating C to backscattered power has been given iN detail elsewhere (6), so only an
outline wil be pResented next.

2
The refractivity structure constant Cn is defined by

nfrO + r)- n(ro)] * " C 2 r2/3  (1)

where the overbar deftnes a spacial integration (averaging). This applies for stationary,
locally hoogan , isotropic turbulence In the inertial subrang, .m n is e rn4o
index of refractlon mdr is a IiSTneC mesured from r . The Odmwe4uat tn for uent
scattering relates the; bak.attpre per P to the P0wr WM , PT' the volume
reflectilty, ,. the (p 6lttt )P, lo an wteu radar parimtors, wiWc may be considered
constant for a g.li gs" attg ce1 lgwatiom, #s

9 0
The volume reflectivity is related to C, and the radar wvel gth, A, as

Scost 2 C2 Al
/3  (3)

-4-
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combining equations 2 and 3 we have

2 constPB r2  (4)Cn "~s3 VT

T
The individual estimates of C2 fros Eq 4, are only accurate to about a factor to two, due to
upcertainties in the radar opirating parameters and in the measurement of P However, since
C. varies over several orders of magnitude, this uncertainty is relatively La1.

Estimates of C2 made using Eq 4 have been found to e consistent with those from other
methods (6). Therl are only a few other ways to find C in the remote atmosphere, such as
optical scintillation observations of stars (12) or higR response probes on balloons or airplanes
(13), but these methods are restricted to nightime, or are2expensive to operate. Eq 4 can be
used with ST radar data to provide reliable estimates of Cn at many heights, around the clock,
and over many days and in all weather.

4. Data Analysis

, About eight days of data spread over a month period were available for the present study of
C (Table 2). A series of quality control algorithms, and hand editing, were used to discard
t~ose spectra contaminated by reflections from airplanes or which showed other problems. As
C sometimes changes by orders of magnitude in a fraction of an hour (b), the backscattered
pAwer values were averaged over half-hour intervals at each height to remove short period changes
before applying Eq 4. All analyses were made separately for the east and north antenna syster;.

Table 2. Platteville Radar Data Used for Study for C2

Denver
Number of Number of Tropopause

Period Half-hour averages Observations Height

7 Apr 1981/1530 -
8 Apr 1981/0930 34 376 11.6 km

13 Apr 1981/1300 -
15 Apr 1981/0100 66 732 11.8

16 Apr 1981/1000 -
17 Apr 1981/2230 72 763 12.2

7 May 1981/1500 -
9 May 1981/0230 64 805 9.6

Total/Average 236 2676 11.3

Sample time series of C2 from the two antenna systems are given in Figure 4 and the mean
vertical profiles for all available data are in Figure 5. The agreement amng the mean vertical
profiles is excellent. In Figure 4, the correlation of the data shown is 0.83, but if the
single point at 1000 NST on April 17th were discarded, the correlation would be increased to
nearly 0.9. The correlation is not expected to be perfect because the two antennas saple
volumes of air which are a few km apart. The conclusion is that the two antenna systems give
essentially the same results, so to save space only the curves for the north antenna will be
included in the following figures.

The absolute values of C2 in Figure 5 are similar to those found by others, i.e., the
average decrease of Pbot a 1actor of ten in five km (i.e., 2d/m) betben 5 and 15 km and the
slight increase of C Just below the tropopaUse have been noted in data from other ST radars (6,
14). (The ean troppause height during tMls period was 11.3 km from Table 2.) As the value of 1
P , hence C , at the lowest two heights Is uncertain due to possible receiver gain delay problems, V
tfle dogleg It 5.3 km in Figure 5 may be an artifact of the data.

i Hufnagel (15) and others have found that C2 has a log-normal distribution, and this is
verified in Figure 6 for the data from Plsttev@lle. The curves represent 236 half-hourly mean
data points for the lower eight heights, and 206 data points at 15.5 k. In general the curvesi'-6-
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have the bell-shape characteristic of a normal distribution, and the mean and mode at each level
agree closely. The long tail on the curve at 15.5 km shows that in some cases the signal-to-
noise ratio here falls below the threshold of reliability. The standard deviation of the
distribution in Figure 6 is about 4 dB with respect to the mean at all levels below 15 km. This
value is slightly less than the 6 dB standard deviation found at the top of the planetary
boundary layer (16). As pointed out in the latter papef, a constant standard deviation is
important because it reduces the log-normal model for C to a one parameter model. Further, we
note that the well-behaved nature of the distribution iA Figure 6 shows that the shape of the
mean vertical profile in Figure 5 is not due to a few wild numbers, but rather is statistically
reliable.

Part of the variance at each level implied by the distribtulons in Figure 6 is likely due to
random sampling fluctuations, but part of it can be ascribed to diurnal variations or is associated
with synoptic weather changes as discussed next.

km
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Figure 6. Probability density functions of half-hour averages of C¢bn attue
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In an effort to estimate the diurnal variation of C2., the data for the son times of day
over all days were averaged. To reduce sampling fluctuitlons, three-hourly averages were used.
and the resulting mean curves are given In Figure 7. At mt4- and upper-tropospheric heights, a
smooth diurnal variation is evident, with maximum average Cn during the afternoon. In the lower
stratosphere there seem to be two daily minima separated by two mxim: one in late morning and
the other in early evening. These results2are sumarized in Figure 8 as vertical profiles of
the diurnal range and time of maximum of C . The range is given in dB, defined as ten times the
logarithm of the ratio of the daily maximui to minimum. At stratospheric levels the time of the
secondary maximum is also plotted.

68

38

126

97

-I. it I

126

14.0

I II I I I I

6 12 is 0 MST

Figure 7. Diurnal variation of 2 at Platteville by
altitude. n

The large variations among the mean values at different times of the day are expected to
contribute to the spread of the distribution functions in Figure 6. This expectation is

verified for example, by the nighttime and afternoon distribution functions in Figure 9. These
(distributions are not exactly bell shaped, because the number of observations under each curve

ts Small and so sampling fluctuations are relatively large, but the point that combining different

hours of the da: ,ill broaden the distribution of all data is clear.
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Turbulence is more likely near jet strams than in other places. As C2 is a parameter of
turbulence, It also should be enhanced IS high wind sitations. This expjtation Is verified,
for exaqle, by the correlation of the C' and wind speed data In Ftgure 10. The correlation
coefficient (0.60) Is significantly dif4rent from zero at the 95%1 lev based on routine a
priori tests. Others have noted a correlation between wind speed and C in the upper troposphere
(15), so this results is not new. However, It confirm the past result and also illustrates
that part of the spread of the distribution functions in Figure 6 Is due to synaptic wether
(wind speed) changes.
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~5. Sumary and Conclusions

The VHF Doppler radar at Platteville is a valuable new tool for meteorological andcomiunlcations engineering applications. By incorporating high time resolution profiles of the3-component wind vector along with other meteorological data from the PRtOFS network, a host ofunique studies will be possible. These studies can have Iiediate prctical applications, suchas updating forecast model outputs or defining high wind-shear zones, or they can be aimed attheoretical questions such as wave flux calculations or ageostrophic wind development.
SThe measurements of C2 represent a significant addition to the meager data on C2 variabil ityinthe remote trposphnere,~ In fact, Wlters and Kunkel (17) bluntly stated that "d~finttive C '

mea surements.(above th~e boundl~ry layerJ do not exist". As more ST radar data are collected, ndefinitive clmatologies of C. from about 3-16 kon will be possible. One preliminary climtologyvhas already been prepared ustflg data from Poker Flat, Alaska (18). The Platteville results areimportant because they agree with, and thus support, the Poler Flat data from the same time ofyear, suggesting hat the shape of the vertical profile of C,, the diurnal variation, or therelationship of Cn wit wind speed perhaps can be extrapolat d from one location to another.
alste these results have been presented i~n the context of c olnicatIons engineering, theyalso have Imlications for mrolO Igical applicatilons because C, is directly related to theedd.y disipati]on rte, £ (19). FOr example, in1 numerical prediction mdels £ is usuallyParmeterized in trms of the mean wind speed. But C" is not always closely corrlate with ,win~d speed, so this; parameterizatton1 of £ must be an Bversimplification., By studying therelation between Cn and wind speed, and perhaps other variables, it will be possible to betterparameterize or pridict c. Further Trout and Panofsk~y (20) have shown there is a sai-quantitative relationship between e and turbulence levels as experienced by aircraft. It thusshould be ossible to use the backscattred power date to directly predict the probability of

hazardous turbulence at a given altitude.
The following conclusionls have been reached:

. 1. High time-resolution radar wind observations display much detail,( both in horizontal and vertical winds, widtch go undetected with conventionalballoon sounding data.

-11.
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2. The mean radio refractivity structure constant, C2 , decreases about
2dB/km between about 5 and 15 km. There is a stelper decrease in the upper
troposphere and a small increase near the tropopause.

3. C2  has a diurnal variation in the mid- and upper troposphere with daily
ringes from 5-8 dB. In th lower stratosphere there seem to be two
separate daily maxima of Cn. 2

4. There is evidence that as wind speed increases Cn Increases.
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ge, and K. G. Strauch are gratefully acknowledged. Figure 2 and 3 were prepared by the

Atmospheric Dynamics Group, AerononW Laboratory (MOAA).

References

1. Ecklund, W. L., D. A. Carter, and B. B. Balslay, 1979: Continuous measurement
of upper atmospheric winds and turbulence using a VHF Doppler radar:
preliminary results. J. Atmos. Ter. h 41, 983-994.

2. Hardy, K. R., 1972: Studies of the clear atmosphere using high power radar.
Remote Sens of the Trop ere ed. V. E. Dor. Chap. 14, NOAA.Washi'ng'ton, DC

3. Balsley, B. B. and K. S. Gage, 1980: The MST radar technique: Potential
for middle atmospheric studies. PAGEOPH 118, 452-493.

4. Balsley, B. B., 1978: The use of sensitive coherent radars to examine
atmospheric parameters in the height range 1-100 km. Preprints, 18th
Conf. on Radar Meteor. (Atlanta), Am. Meteor. Soc., Boston, pp. 190-193.

5. Gage, K. S., and B. B. Balsley, 1978: Doppler radar probing of the clear
atmosphere. Bull. Am. Meteor. Soc., 59, 1074-1093. )

6. Van Zandt, T. E., J. L. Green, K. S. Gage, and W. L. Clark, 1978: Vertical
profiles of refractivity turbulence structure constant: Comparison of
observations by the Sunset radar with a new theoretical mdal. Radio SO.,
13, 819-829.

7. Ecklund, N. L., K. S. Gage, and 8. 8. Balsley, 1981: An coaparison of vertical
wind variations observed with the Platteville VHR radar and local weather
conditons. Preprints, 20th Conf. on Radar Meteor. (Boston) Am. Meteor.
Soc., Boston, Noveber 30 - Dcember 3.

8. Gage, K. S. ad J. L. Green, 1978: Evidence for specular reflection from
monostatic VHF radar observations of the stratosphere. Radio SO.,
13, 991-1001.

9. Rottger, J., and C.H. Liu, 1978: Partial reflection and scattering of VHF
radar signals from the clear atmosphere. Gohys. REa. Lett., S, 357-360.

10. Norton, K. A., and J. B. Wisener, 1955: The scatter propagation issue.Pmc of tM IRE, 43,1174.

11. Gossard, E. E., 1977: Refractive index variance and its height distribution
in different air masses. Radio Sc9., 12. 89-lOS.

12. Ochs, G. R., T. Mang, R. S. Lawrnco, and S. F. Clifford, 1976: Refractive-
turbulence profiles measured by one-dinemasift l filtering ofscintillations. hgp. gp., 1!5. 260-210.

13. Ochs, G. R., and R. S. Lawrence, 1972: TeWrature and C2 profiles
measured over land and ocean to 3 im above the surfale. OAA TR-ERL
251-NPL 22, NOAA, Washington, DC.

14. alsley, B. B., and V. L. Paterson, 1981: Doppler-radar memsur ts of
clear air atmnsiheric turbulence at 1290 NMz. J. Appl. Otoor., 20,29-274.

___________________ -12._______ I
* A~anuul n u J NU " .. . " - -



I15. HUfnael . E., 1974: Variations of atmospheric turbulence. Digest of3~ca Papers, Topical Meeting or Optical Propagation through
Turbulence. Opt. Soc. of Am., Washington. DC.

16. Chadwick, Rt. B., and K. P. Morgan, 1980: Long-term measurements of C2 in
boundary layer. Radio Sci., 15, 35U-361.

17. Walters, D. L., and K. E. Kunkel. 1961: Amspheric MTF for desert and
mountain locations - the atmospheric effects of re- J. Opt. Soc. P.
71. 397-415.

18. Nastroy. G. D., K. S. Gage. and B. B. Daisley, 1981: The variability of
C at Poker Flat, Alaska, from MST Doppler radar observations. Op.
Eflgr., in press.

19. Gage, K. S., 3. L. Green, and T. E. Van Zandt, 1980O: Use of Doppler radar
for the measurement of atmospheric turbulence parameters from the
intensity of clear-air echoes. Radio Sci., 15, 407-416.

20. Trout, D. and H. A. Panofsky, 1969: Energy dissipation near the tropopause.

(els2,3538

(13


